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ABSTRACT: Energetic materials have been used for nearly
two centuries in military affairs and to cut labor costs and
expedite laborious processes in mining, tunneling, construc-
tion, demolition, and agriculture, thereby making a tremend-
ous contribution to the world economy. Yet there has been
little advancement in the development of altogether new
energetic motifs in spite of long standing research efforts to
develop superior materials. We report the discovery of new
energetic compounds of exceptionally high energy content
and novel polymeric structure which avoid the use of lead and
mercury salts common in conventional primary explosives.
Laboratory tests indicate the remarkable performance of these
nickel- and cobalt-based energetic materials, while DFT calcu-
lations indicate that these are possibly the most powerful met-
al-based energetic materials known to date, with heats of de-
tonation comparable with the most powerful organic-based
high explosives currently in use.

The value of harnessing the power of energetic materials has
now been realized for quite some time, resulting in their perva-
sive use in diverse commercial plrocesses‘1 Advancements in
energetic materials have also been driven by an understandable
need to find more powerful, stable, and reliable materials for
military devices. Over the last century, the discovery of new,
improved energetic materials has lost pace due to the availability
of many acceptable materials and their ongoing optimization.
Nevertheless, increasing environmental concerns’ regarding
heavy-metal based primary explosives and rapidly evolving ter-
rorist threats continue to inspire research’ toward superior
energetics.

Beyond commercial considerations, a basic fundamental
question in the field of energetic materials remains - just how
much energy can be stored in an explosive compound while
maintaining practical levels of stability? Energetic compounds
generate their power by the rapid decomposition of chemical
bonds to form thermodynamic sinks such as CO,, H,O, and
N,. Particularly unstable chemical bonds can be considered
“loaded” for rapid decomposition, thereby affording better ex-
plosive performance. Yet if the bonds are too unstable, they will
not be formed in the first place, or the formed compound will
be too sensitive to handle. Developing energetic materials with
high densities provides another route to improving explosive
performance without introducing increased instability. The
detonation velocity of a material, and consequently the intensity
of its explosion, is proportional to its density. A notable devel-
opment in this vein was the synthesis of octanitrocubane®

(ONC) which is regarded by many as the most powerful chemi-
cal explosive to date. ONC was highly desired because the pre-
dicted efficient packing of its cube-like molecules would allow
for the highest known density for organic explosives. Another
explosive considered in the high-energy community has been
hexanitrobenzene (HNB).” Remarkably, in spite of the direct
relationship between solid state structure and explosive perfor-
mance, single crystal X-ray studies of some of the most famous
energetics have only been undertaken comparatively recently.®

Energetic metal salts and complexes offer density beyond the
reach of regular organic explosives, and a number of metal-
based explosives including lead azide, lead styphnate, and mer-
cury fulminate (MF) have been widely used as initiation com-
pounds for many decades. However, the decomposition of met-
alligand bonds typically affords less energy than the decomposi-
tion of organic bonds, and metals do not decompose to gener-
ate gases like CO,, N,, and H,O, which generate the rapid ex-
pansion of an explosion. Hence, these heavy-metal-based explo-
sives have low heats of detonation (AHg) per unit mass
(kcal/g), and in spite of high densities, the AHy,, per unit vo-
lume (kcal/cc) are still only slightly higher than TNT.

We report here the synthesis, structure determination, and
computational analysis of cobalt- and nickel-based energetic
materials in which bridging ligands join adjacent metal centers
to form coordination polymers, a class of materials currently
being pursued in diverse applications,” but essentially unex-
plored in the field of energetic materials. By synergizing the
effects of high density, weak precursor bonds, and gas produc-
tion, these new coordination polymers afford energies of deto-
nation beyond those of all other metal-based explosives to date
and on par with the most powerful organic secondary explosives
in use today.

Furthermore, to our knowledge, there are no other coordina-
tion complex structures with hydrazine as the sole inner-sphere
ligand, an astounding fact in view of the numerous and familiar
examples of hexamine coordination complexes. Examination of
hydrazine-containing coordination compound crystal structures
in the Cambridge Structural Database and the Inorganic Crystal
Structural Database reveal that competing ligands or coordinat-
ing anions consistently intrude into the inner coordination
sphere of the metal, yielding mixed ligand complexes. There
have simply not been reports of crystal structures for metal-
hydrazine complexes with non-coordinating anions such as ni-
trate, perchlorate, tetrafluoroborate, etc. This poses a conspi-
cuous gap in fundamental inorganic structure determination,
considering the substantial research activity in the areas of met-
al organic frameworks (MOFs)® and inorganic cages’. The de-
sign and preparation of such architectures rely on multidentate



ligands and, frequently, non-coordinating anions. Hence, the
structures reported here provide a starting point for investigat-
ing a hitherto overlooked aspect of coordination chemistry.

Our investigation began with the desire to enhance the per-
formance of an initiation compound, nickel hydrazine nitrate
(NHN).”® While regarded as a viable substitute for commonly
used metal azides," it possesses relatively low impact sensitivity
for this application. Metal perchlorate salts are generally more
sensitive than their corresponding nitrates, and indeed one
attempted preparation of nickel hydrazine perchlorate (NHP)
resulted in an explosion.' In that work, the authors deemed the
substance too sensitive for further investigations, and no further
reports of this species or its analogues have been made for sixty
years. Yet, one abbreviated investigation'? in which no structur-
al information was obtained should not altogether rule out
continued efforts to prepare, study, and utilize metal hydrazine
perchlorates. Additionally, it was important to explore whether
substituting the Ni-centers with other metals could potentially
alter the sensitivity and performance of this class of materials.
To this end, we succeeded in preparing and elucidating the
structures of nickel hydrazine perchlorate (NHP) and cobalt
hydrazine perchlorate (CHP). As shown below, both these ma-
terials prove to be immensely powerful primary explosives.
NHP and CHP crystallize within one day following the addition
of hydrazine to a concentrated aqueous solution of the corres-
ponding metal perchlorate with limited exposure to ambient
atmosphere.

As expected, NHP turned out to be highly sensitive. A total
of three explosions were observed, first upon grinding, second
upon extraction of a 2-3 mg crystal from a vial (the vial was shat-
tered by just this small amount), and third in solution, when an
apparently undisturbed vial containing no observable crystalline
material exploded without an obvious external stimulus. These
observations indicate that NHP has a low critical diameter for
detonation. In contrast, CHP could be conveniently initiated by
flame, spark, and impact while remaining sufficiently stable for
safe handling. CHP responded to a 2.5 kg weight dropped
from 20 ¢cm on a drop-hammer apparatus” indicating that it is
modestly more sensitive than conventionally used explosives.

In spite of obvious difficulties stemming from the high sensi-
tivity (of NHP) and explosive nature of these materials, X-ray
single crystal diffraction data were obtained, from which accu-
rate crystal structures were determined. Our analysis indicates
that both NHP and CHP crystallize in the monoclinic P2(1)/n
space group with two molecules per unit cell and half a mole-
cule per asymmetric unit with very similar unit cell parameters.
Both crystals form continuous parallel polymeric chains in
which every subsequent metal atom is bridged with the previous
one by a single hydrazine molecule (Figure 1, left). Thus the
octahedral coordination sphere of each metal consists of six
hydrazine molecules; four of these are coordinated in a terminal
mode and two are employed for bridging with adjacent metal
centers. The perchlorates run parallel to the backbones of the
coordination polymers with possible hydrogen bonding be-
tween perchlorate oxygens and hydrazine hydrogens with a clos-
est distance of 2.257 A. Ni-N bond lengths range from 2.124 to
2.178 A with the shortest bond being associated with the nitro-
gen atom of the bridging hydrazine unit. Co-N bonds are
slightly longer ranging from 2.156 to 2.232 A with the shortest
distance again being the one with a bridging hydrazine mole-
cule. These bond lengths are completely in line with average Ni-
N and Co-N bonds for coordination compounds. However, the
N-N bond lengths of the bridging hydrazine ligands are elon-
gated to 1.476(2) A relative to the N-N bond lengths of

1.45+0.01 and 1.4620.02 A reported for hydrazine monohy-
drate™ and hydrazine,"” respectively. Since the position of the
H-atoms cannot be accurately determined from XRD, we struc-
turally relaxed the H-atoms by density functional theory (DFT)
calculations (see below) while keeping the heavy (i.e. non-H)
atoms fixed in their XRD-determined positions. The resultant
N-H bond-engths vary between 1.02 and 1.04 A, in good
agreement with an average N-H bond-ength of ~ 1.015 A'
obtained from neutron-diffraction studies on many organic
molecules.

The structure of NHN'™ was also elucidated for the first time,
albeit with lesser precision than the NHP and CHP structures.
Whereas the perchlorate structures adopt a linear polymeric
motif utilizing only one bridging hydrazine, NHN adopts a cage
polymer motif in which all hydrazine ligands bridge successive
nickel centers (Figure 1, right). Coordination polymer struc-
tures have been observed with a single bridging hydrazine in the
presence of other co-bridging ligands'” as have bis(bridging)'®
hydrazine motifs. But NHN represents the first structure of
such a tris(bridging) hydrazine cage polymer motif, even though
early spectroscopic evidence has suggested such structures are
quite general." The structures of NHP and CHP are the only
structures yet reported in which a single bridging hydrazine
defines the backbone of a coordination polymer. Hence, the
structure of NHP, CHP, and NHN demonstrate that hydrazine
still possesses untapped structural potential as a bridging biden-
tate ligand for construction of inorganic architectures, which
could yet be explored. Selection of non-coordinating anions
such as tetrafluoroborate or hexafluorophosphate, which lack
the oxidizing nature of nitrate and perchlorate, may yield inter-
esting structures sans energetic properties.

Figure 1: (Left) Crystal structure of nickel hydrazine perchlorate
(NHP); Selected bond distances NiN1 = 2.136 (1) A, NiN5 =
2.117 (1) A, N1-N2 = 1.457 (1) A. Selected bond angles (*) N1-Ni-
N3 = 90.84(5), N1-Ni-N5 = 92.42(5). (Right) Structure of nickel
hydrazine nitrate (NHN). red = oxygen, green = chlorine, blue =
nitrogen, purple = nickel. Ellipsoids are scaled at 50% probability.

Reduced structural reinforcement in the non-bridged poly-
mers, more sensitive perchlorate anion, and higher nitro-
gen:metal ratio for NHP (NiN;;H,O4Cl,) and CHP
(CoN,oH,,O4Cl,) are all expected to yield increased power and
sensitivity as compared to NHN (NiNgH;,04). Additional power
for the perchlorate materials could also arise from the likely
formation of more stable detonation products, i.e., metal-
chloride (NiCl,, CoCl,) as opposed to pure metal (Ni) formed
by the detonation of NHN (see discussion below).

Given the qualitative observations of NHP and CHP’s sensi-
tivity and explosive power, it was natural to seek theoretical
estimates of the heats of explosion for these compounds. To
this end, first-principles simulations using density functional



theory (DFT) was used to compute the energies of detonation of
the geometry-optimized structures (AEper 4, defined as the
difference between the energy of formation of the explosive and
that of the detonation products. The computed detonation
energies were correlated with the known heats of detonation
(AH,,,) for common high explosives (Chart 1). The correlation
developed in Chart 1 was then used to estimate the AHg, of
NHN, NHP, and CHP, as displayed in Chart 2, alongside the

known values for common energetic materials.

The extended polymeric backbone structures of NHN, NHP
and CHP prompted the use of all calculations in periodic su-
percells representing the smallest repeating unit of the explo-
sive. This procedure also accounts for the contribution of the
cohesive energy (i.e. heat of sublimation) of the crystalline solid.
The DFT code DMol® * was employed, in which the electronic
wave functions were expanded in a double-numeric polarized
(DNP) basis set, while the exchange and correlation effects were
incorporated through the gradient-corrected PBE functional.”!
In addition, being a periodic calculation, an accurate Brillouin-
zone sampling of the reciprocal lattice was necessary. This was
ensured through the summation over a finite set of K-points
chosen according to the Monkhorst-Pack scheme? with a grid
spacing of 0.05 A,
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Chart 1: Energy of detonation for DFT-optimized structures
(AEpgr, 40 vs. the estimated heat of detonation (AH,,) from
literature for eleven high-explosive materials (HEs). The litera-
ture values are taken from ref.”> for explosives 1 through 9
and ref.”* for explosives 10 and 11. Abbreviations used: MF
(mercury fulminate)) ONC (octanitrocubane). The rest are
commonly accepted explosive names.

For organic (i.e., C, H, N, and O containing) explosives the
detonation products and their relative abundance were deter-
mined by state-of-the-art thermochemical calculations using the
code CHEETAH.” For systems containing metals, the most
stable products were assumed under the constraints of stoichi-
ometrically available oxygen, i.e., NiCl, (solid) for NHP, CoCl,
(solid) for CHP, and Ni (solid) for NHN, respectively. Thus, the
complete detonation reactions considered for these explosives
were:

NiN10H2008C12 > ? N2 + SHZO + gNH3 + NiCIQ(S)

CON]0H2008C12 > ?Nz + 8H20 + % NH3 + COCIQ(S)

NiNgH ;04 > 4N, + 6H,0 + N

All non-metal-containing products, including water, were
treated as a gas. Chart 1 plots the computed AEper, 4. values
versus the corresponding detonation heats AHy,, from the litera-
ture.”?* The data displays a strong linear correlation (r = 0.97),
with the corresponding regression curve indicated by the
dashed line. Chart 2 uses this correlation to predict the heats of
explosion of CHP, NHP and NHN along with the 95% statis-
tical confidence limits.?® Two important results of note are: (1)
the only published AH,,, value for NHN, 1.014 kcal/g (2.16
keal/cc)'® is within the error margin, but close to the upper
limit of our prediction; (2) CHP and NHP appear to possess
similar heats of detonation (with NHP being slightly higher)
with the mean predicted value being similar to PETN and RDX,
two of the most energetic materials commonly employed. If the
actual value is close to the upper 95% confidence limit of our
predicted range (as for NHN), the heat of detonation would be
even higher, comparable to that of CL-20. Within the metal-
containing explosives category, both NHP and CHP clearly
appear to be the strongest known primary explosives, with heats
of detonation substantially higher than mercury fulminate, lead
azide,”> or NHN.™®
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Chart 2: Bar diagram representation of the literature AH,,,
values for the eleven HEs along with the predicted AH,,, for
NHN, CHP, and NHP using the linear correlation developed
in Chart 1. Also indicated are the error margins for the pre-
dicted values at the 95% confidence level. Both mass-density
(kcal/g) and volume-density (kcal/cc) of the heat of detonation
are indicated, and the heats arranged in the increasing order
of volume-density (kcal/cc).

The synthesis and structural determination of NHP, NHN,
and CHP reveal a new class of ionic polymeric energetic mate-
rials, never before observed, comparable with the most powerful
explosives in use today. Apart from a traditional detonating
role, the low critical diameter indicates that these may be used
for microcharges as they can be easily initiated by spark or heat
and even quantities of 0.1 mg can release a substantial amount
of force. Furthermore, the crystal structures of nickel hydrazine
perchlorate, nickel hydrazine nitrate, and cobalt hydrazine per-
chlorate represent the first examples of coordination complexes
with only hydrazine as an inner sphere ligand and even provide
the first examples of their respective architectural motifs.
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The materials described in this communication pose extreme
explosive hazards, both in terms of sensitivity and explosive power.
In the case of nickel hydrazine perchlorate, the material is
sufficiently sensitive to preclude effective characterization beyond
the isolation of a single crystal for Xray diffraction. The
combination of such extreme sensitivity and unpredictability with
its tremendous power make this an exceptionally hazardous
material. Cobalt hydrazine perchlorate, though comparatively more
stable, is still a sensitive primary explosive and still generates
extremely high power output. Even small quantities (<Img, e.g. a
small single crystal) can cause severe physical damage to their
surroundings.

ACKNoONLeDGIMeI

This material is based upon work supported by the U.S. Depart-
ment of Homeland Security under Award Number 2008-ST-061-
EDO0001. The views and conclusions contained in this document
are those of the authors and should not be interpreted as necessari-
ly representing the official policies, either expressed or implied, of
the U.S. Department of Homeland Security. Part of this work was
performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-
AC52-07NA27344. This work was also partially supported by the
U.S. Department of State Fulbright Graduate Program (student-
ship to O.S.B.). The authors would like to thank Peter Miiller for
helpful advice.

ReFeRences

(1) Kirk, R. E.; Othmer, D. F. In Encyclopedia of Chemical Technology;
Wiley: New York, 2004; Vol. 5, p 719.

(2) (a) Giles, J. Nature 2004, 427, 580; (b) Ryu, H.; Han, J. K.; Jung,
J. W.; Bae, B.; Nam, K. Environ. Geochem. Health 2007, 29, 259.

(3) (a) Klapotke, T. M.; Krumm, B.; Scherr, M. J. Am. Chem. Soc.
2008, 131, 72; (b) Joo, Y.-H.; Shreeve, J. n. M. J. Am. Chem. Soc. 2010,
132, 15081; (c) Wang, R.; Xu, H.; Guo, Y.; Sa, R.; Shreeve, ]. n. M. J.
Am. Chem. Soc. 2010, 132, 11904; (d) Joo, Y. H.; Shreeve, ]. M. Angew.
Chem. Int. Ed. 2010, 49, 73205 (e) Joo, Y. H.; Shreeve, J. M. Chem.
Commun. 2010, 46, 142; (f) Klapoetke, T. M.; Stierstorfer, J. J. Am.
Chem. Soc. 2009, 131, 1122; (g) Portius, P.; Filippou, A. C.; Schnaken-
burg, G.; Davis, M.; Wehrstedt, K. D. Angew. Chem. Int. Ed. 2010, 49,
8013; (h) Sabatini, J. J.; Poret, J. C.; Broad, R. N. Angew. Chem. Int. Ed.
2011, 50, 4624; (i) Shamshina, J. L.; Smiglak, M.; Drab, D. M.; Park-
er, T. G.; Dykes, H. W. H.; Di Salvo, R.; Reich, A. J.; Rogers, R. D.
Chem. Commun. 2010, 46, 8965; (j) Steinhauser, G.; Klapotke, T. M.
Angew. Chem. Int. Ed. 2008, 47, 3330; (k) Wang, R. H.; Guo, Y,; Sa,
R.; Shreeve, J. M. Chem. Eur. J. 2010, 16, 8522; () Zhang, Y. Q.; Guo,
Y.; Joo, Y. H.; Parrish, D. A.; Shreeve, J. M. Chem. Eur. J. 2010, 16,
10778; (m) Huynh, M. H. V; Coburn, M. D.; Meyer, T. J.; Wetzler, M.
Proc. Natl. Acad. Sci. 2006, 103, 10322; (n) Huynh, M. H. V.; Hiskey,
M. A.; Meyer, T. J.; Wetzler, M. Proc. Natl. Acad. Sci. 2006, 103, 5409.

(4) (a) Zhang, M. X.; Eaton, P. E.; Gilardi, R. Angew. Chem. Int. Ed.
2000, 39, 401; (b) Eaton, P. E.; Gilardi, R. L.; Zhang, M. X. Adv. Ma-
ter. 2000, 12, 1143.

(5) Akopyan, Z. A,; Struchkov, Y. T.; Dashevskii, V. G. J. Struct.
Chem. 1966, 7, 385.

(6) (a) Vrcelj, R. M.; Sherwood, J. N.; Kennedy, A. R.; Gallagher, H.
G.; Gelbrich, T. Cryst. Growth Des. 2003, 3, 1027; (b) Vrcelj, R. M.;
Gallagher, H. G.; Sherwood, J. N. J. Am. Chem. Soc. 2001, 123, 2291;
(c) Beck, W.; Evers, J.; Gobel, M.; Oehlinger, G.; Klapotke, T. M. Z.
Anorg. Allg. Chem. 2007, 633, 1417; (d) Reany, O.; Kapon, M.; Boto-
shansky, M.; Keinan, E. Cryst. Growth Des. 2009, 9, 3661.

(7) (a) Kitagawa, S.; Kitaura, R.; Noro, S. Angew. Chem. Int. Ed. 2004,
43, 2334; (b) Leong, W. L.; Vittal, J. J. Chem. Rev. 2011, 111, 688; (c)
Bradshaw, D.; Warren, J. E.; Rosseinsky, M. ]. Science 2007, 315, 977;
(d) Burnworth, M.; Tang, L. M.; Kumpfer, J. R.; Duncan, A. J.; Beyer,
F. L; Fiore, G. L,; Rowan, S. J.; Weder, C. Nature 2011, 472, 334; (e)
Kolb, U.; Buscher, K.; Helm, C. A.; Lindner, A.; Thunemann, A. F;
Menzel, M.; Higuchi, M.; Kurth, D. G. Proc. Natl. Acad. Sci. 2006, 103,
10202; (f) Oxtoby, N. S.; Blake, A. J.; Champness, N. R.; Wilson, C.
Proc. Natl. Acad. Sci. 2002, 99, 4905; (g) Serre, C.; Mellot-Draznieks,
C.; Surble, S.; Audebrand, N.; Filinchuk, Y.; Ferey, G. Science 2007,
315,1828.

(8) Special issue of metal organic frameworks Chem. Soc. Rev. 2009,
38, 1330.

(9) Ward, M. D. Chem. Commun. 2009, 4487.

(10) Zhu, S. G.; Wu, Y. C.; Zhang, W. Y,; My, J. Y. Propel. Explos.
Pyrotech. 1997, 22, 317.

(11) (a) Talawar, M. B.; Agrawal, A. P.; Chhabra, J. S.; Ghatak, C.
K.; Asthana, S. N.; Rao, K. U. B. J. Sci. Tech. Res. 2004, 63, 677; (b)
Chhabra, J. S.; Talawar, M. B.; Makashir, P. S.; Asthana, S. N.; Singh,
H. J. Hazard. Mater. 2003, 99, 225; (c) Hariharanath, B.; Chandrabha-
nu, K. S;; Rajendran, A. G.; Ravindran, M.; Kartha, C. B. Defense
Science Journal 2006, 56, 383.

(12) Maissen, B.; Schwarzenbach, G. Helv. Chim. Acta 1951, 34,
2084.

(13) Zhang, G. X.; Weeks, B. L. Propel. Explos. Pyrotech. 2010, 35,
440.

(14) Liminga, R.; Olovsson, 1. Acta Crystallogr. 1964, 17, 1523.

(15) Collin, R. L.; Lipscomb, W. N. Acta Crystallogr. 1951, 4, 10.

(16) Allen, F. H.; Bruno, L. J. Acta Crystallogr., Sect. B 2010, 66, 380.

(17) (a) Liu, Z.; Zhang, T.; Zhang, J.; Wang, S. J. Hazard. Mater.
2008, 154, 832; (b) Jia, L. H,; Li, R. Y.; Duan, Z. M,; Jiang, S. D
Wang, B. W.; Wang, Z. M.; Gao, S. Inorg. Chem. 2011, 50, 144; (c)
Wang, X. T.; Wang, Z. M.; Gao, S. Inorg. Chem. 2007, 46, 10452; (d)
Sengupta, O.; Mukherjee, P. S. Dalton Trans. 2009, 7599.

(18) (a) Ferrari, A.; Braibanti, A.; Bigliardi, G. Acta Crystallogr. 1963,
16, 498; (b) Ferrari, A.; Braibanti, A.; Bigliardi, G.; Lanfredi, A. M.
Acta Crystallogr. 1965, 18, 367; (c) Ferrari, A.; Braibanti, A.; Bigliardi,
G.; Dallavalle, F. Zeitschrift fiir Kristallographie 1963, 119, 284; (d) Mas-
ciocchi, N.; Ardizzoia, G. A.; LaMonica, G.; Maspero, A.; Sironi, A.
Eur. J. Inorg. Chem. 2000, 2507; (e) Ferrari, A.; Braibanti, A.; Bigliardi,
G.; Lanfredi, A. M. Acta Crystallogr. 1965, 19, 548; (f) Wu, B.-D.;
Yang, L.; Wang, S.-W.; Zhang, T.-L.; Zhang, ].-G.; Zhou, Z.-N.; Yu, K.-
B. Z. Anorg. Allg. Chem. 2011, 637, 450.

(19) (a) Furlani, C.; Mattogno, G.; Monaci, A.; Tarli, F. Inorg. Chim.
Acta 1970, 4, 187; (b) Patil, K. C.; Nesamani, C.; Pai Verneker, V. R.
Synth. React. Inorg. Met.-Org. Chem. 1982, 12, 383; (c) Nicholls, D
Swindells, R. J. Inorg. Nucl. Chem. 1968, 30, 2211.

(20) Delley, B. J. Chem. Phys. 1990, 92, 508.

(21)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996,
77, 3865.

(22) Monkhorst, H. J.; Pack, J. D. Phys. Rev. B 1976, 13, 5188.

(23) Agrawal, ]. P. High Energy Materials: Propellants, Explosives and
Pyrotechnics; Wiley-VCH: Weinheim, Germany, 2010.

(24) Astakhov, A. M,; Stepanov, R. S.; Babushkin, A. Y. Combus.
Explos. Shock Waves 1998, 34, 85.

(25) Fried, L. E.; Howard, W. M. J. Chem. Phys. 1999, 110, 12023.
CHEETAH 6.0 (revision1794)

(26) Bluman, A. G. Elementary Statistics - A Step by Step Approach;
8th ed.; McGraw-Hill: New York, 2011.



Supplemental Information

Hazard Warning and Safety Precaution

The prepared metal hydrazine perchlorate complexes are
very powerful energetic substances, capable of initiation by
impact, friction, electric spark, heating or open flame.
Nickel hydrazine perchlorate is reported to have caused an
explosion by introduction of a glass stirring rod into the
reaction vessel' and caused an accident at Texas Tech Uni-
versity in 2010. Utmost care and use of safety protocols
(such as use of face shields, Kevlar gloves and materials
least capable of static discharge) should be used at all
times. Starting materials also pose danger, as hydrazine
hydrate is a known carcinogen and perchloric acid and its
salts are powerful oxidants. We strongly discourage any
attempt to repeat these preparations on scales larger than
described here, as even <1 mg quantities are known to de-
tonate and pose extreme explosive hazard.

Materials

Perchloric acid 60-62%, cobalt perchlorate hexahydrate and
nickel perchlorate hexahydrate were obtained from Alfa
Aesar, hydrazine hydrate 64% from Acros Organics. All
reagents were used without further purification. Syntheses

Syntheses

NiN10H20CL20s (NHP): Nickel (II) perchlorate-hexahydrate
(40 mg, 0.11 mmol) was dissolved in 50 pL of distilled
water. 100 puL of hydrazine hydrate (64%, 2 mmol) was
added with stirring using a micropipette. Upon addition the
solution turned purple. The reaction vial was immediately
tightly capped and placed behind a blast shield. The forma-
tion of purple crystals of the product began within 24 hours.
The product tends to adhere to the walls of the vial necessi-
tating extra care in extracting crystals from the vessel. Ex-
traction should not be attempted with the use of a metal
spatula as the friction generated is enough to cause an ex-
plosion. Explosion of 2-3 mg of the substance is able to
shatter the glass vial and cause tissue damage. Crystals can
be removed using a thin plastic object, for example micro-
pipette tip. When the vial was opened and disturbed, the
product started precipitating, filling the vial with tightly
packed product which stuck to the walls. It was highly
problematic to remove it without an explosion which is why
the exact yield of the reaction was never recorded.

CoNi10H20C120s (CHP): Cobalt (IT) perchlorate hexahydrate
(40 mg, 0.11 mmol) was dissolved in 50 pL of distilled
water. 100 pL of hydrazine hydrate (64%, 2 mmol) was
added with stirring using a micropipette. Upon addition the
solution turned orange-red. The reaction vial was imme-
diately tightly capped and placed behind a blast shield.
Formation of orange rhombohedral crystals of the product
began within 24 hours. The product tends to adhere to the
walls of the vial necessitating extra care in extracting crys-

tals from the vessel. The product was filtered, washed with
hydrazine hydrate and air dried on filter paper at room tem-
perature (20 mg, 31% yield). Anal. calc. for
CoNi10H20C120s: 418 g/mol N, 33.49; H, 4.78; Found: N,
32.68; H, 4.28. Impact sensitivity was observed at the
height of 20 cm and the weight of 2.5 kg. For reference, S3
PETN was determined to have an impact sensitivity of 42
cm with a weight of 2.5 kg on the same instrument.

Drop-hammer and Spark Tests

Sensitivity data was obtained by use of a home-made drop-
hammer.” The instrument consists of a metal bar to which
various weights can be attached. The bar is held at a user-
specified height by an electromagnet; when the electromag-
net is switched off, the bar and the weight will fall upon a
flat metal surface which holds the compound of interest.
Thus the weight attached to the bar and the height from
which it falls can be conveniently controlled to determine
the impact sensitivity of a given compound.

Electric spark test was performed using a High Frequency
Generator, Model BD-10AS Electro-Technic Products, at
115 Vand 0.35 A.

Thermal Analyses

Thermal analyses of NHP and CHP presented considerable
practical challenges. Efforts began with the less sensitive,
but similarly powerful, CHP. In a first attempt to acquire a
DSC trace for CHP, 0.7 mg of material in a sealed alumi-
num pan damaged the instrument, necessitating the pur-
chase of a new furnace. Thereafter, very small samples of
CHP (0.050, 0.072, 0.071 mg, measured using the TGA
balance) were used in DSC experiments, using a perforated
lid. A typical result is shown in Figure S1. Under these cir-
cumstances, a single exotherm is reproducibly (x3) ob-
served with a peak position between 187-193°C evolving
1.96 + 0.08 kJ/g. No melting endotherm was observed. Any
consideration of the heat evolved must be qualified by the
fact that the pan lid was perforated, so gaseous material was
free to escape during the data collection. The somewhat
broad temperature range observed for the peak positions
from sample to sample likely arises from the fact that each
sample consisted of a single crystal of very low mass which
is significantly lower than is usually needed for accurate
analysis.

In view of the challenges encountered in the characteriza-
tion of CHP and of the high sensitivity of NHP, attempted
thermal characterization of NHP poses unjustifiable risk to
personnel and equipment, and would likely yield damage
before any useful result. In the case of nickel hydrazine
nitrate (NHN) Talawar et al. reported: “Differential scan-
ning calorimetry (DSC) of NiHN revealed a violent reac-
tion at 220°C followed by explosion, leading to abnormal
curve”.’ This data was collected at a ramp rate of 5°C/min
under nitrogen flow.
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Figure S1 Differential Scanning Calorimetry thermogram of CHP (0.071
mg) with a perforated lid, ramp rate of 5°C/min under nitrogen. Peak
193.5°C, Onset 186.5°C, Endset 199.8°C. Heat evolved 137.0 mlJ;
1.93kJ/g.

Data Collection and Analyses

Table S1 Data collection and refinement statistics summar

Nickel Hydrazine Nickel Hydrazine Cobalt Hydrazine Perchlo-

Nitrate (NHN) Perchlorate (NHP) rate (CHP)
CCDC number 842079 842080 842078
Formula Ni(N2H.)3(NOs), Ni(N2Hy)s(Cl04)2 Co(N:Hy)5(Cl0s),
Density (g/em’) 2.156 1.983 1.948
Data Collection
Crystal System trigonal monoclinic trigonal
Space Group P-3cl P2(1)/n P2(1)/n
Color and Shape purple plates purple plates orange rhombohedrum
Cell Dimensions
a,b, c(A) 8.117(15), 8.117(15), 5.1131(15), 5.1719(3), 16.3158(11),
7.531(14) 16.2669(15), 8.5974(6)
8.5573(8)
ooo ) 90, 90, 120 90, 100.487(1), 90 90, 100.7380(10), 90
Volume (A%) 429.70(14) 699.86(11) 712.78(8)
z 2 2 2
Resolution (°) 27.40 27.10 26.73
Rinerge .0903 0.0224 0.0248
Completeness (%) 99.7 100 100
Redundancy 6.5 (2178/332) 5.1(7870/1545) 5.2(7948/1524)

(collected reflections
/independent reflections)

Refinement

Data/restraints/parameters 332/2/30 1545/ 10/ 127 1524 /10/ 127

Goodness of fit on F* 1.089 1.049 1.063

Final R indices [I>200 (I)] R1 =0.0470, R1=0.0195, R1=0.0216,
WR2 =0.1185 WR2 = 0.0484 WwR2 = 0.0521

R indices (all data) R1=0.0549, R1=0.0207, R1 =0.0250,
wR2 =0.1253 wR2 =0.0491 wR2 =0.0536
0.431, -0.692 0.315,-0.358 0.346,-0.343

Largest diff. peak and hole (e.
A%

Complete supplemental information for these crystal structures is availa-
ble in the Crystallographic Information files (.cif files) from the Cam-
bridge Crystallographic Data Centre using the accession codes listed
above.

Elemental analysis was performed on PerkinElmer 2400
Series II CHNS/O Analyzer. X-ray diffraction data was
obtained on Bruker Smart Apex II single-crystal Xray dif-
fractometer at 150 K or room temperature. Multi-scan ab-
sorption correction (SADABS) was applied. Structures
were solved by direct methods algorithm and refined using
SHELX-97 software. All hydrogen atoms were calculated
from the electron density map. A data summary for NHN,
NHP, and CHP is included below in Table S1. CCDC-
842078 (CHP), 842079 (NHN), and 842080 (NHP) contain
the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Figure S2 Structure drawing of NHN (top), NHP (center) and CHP (bot-
tom). Ellipsoids are drawn at 50% probability.

Table S2. Energy of formation (AEy), detonation pressure (Pger) at the C-J
point, and detonation (shock) speed (v4e) of NHN, CHP, and NHP. AE¢
was computed by the DFT code DMol®, while Pae and vae were computed
using the thermochemical code CHEETAH.

Explosive AE;¢ Pyt (at C-J Point) Vet
(kcal/g) (GPa) (kmy/s)
NHN (p= 1.7 glem®) -0.60 20.2 7.3
CHP -0.20 25.1-33.6* 7.5-9.0*
NHP -0.21 36.8%* 9.2%*

*Experimental value: 7.0 km/s.*

*Depends on the actual detonation products, e.g., the relative amounts of
pure metal (high value) and metal-chloride (low value).

**Corresponds to pure metal as the detonation product; nickel chloride
equation of state is not in the current version of CHEETAH and thus not
considered for Pget and vge; €stimation.
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